Edited by Velia M. Fowler Heterodimeric KIF3AC and KIF3AB, two members of the mammalian kinesin-2 family, generate force for microtubule plus end-directed cargo transport. However, the advantage of heterodimeric kinesins over homodimeric ones is not well-understood. We showed previously that microtubule association for entry into a processive run was similar in rate for KIF3AC and KIF3AB at ϳ7.0 M ؊1 s ؊1 . Yet, for engineered homodimers of KIF3AA and KIF3BB, this constant is significantly faster at 11 M ؊1 s ؊1 and much slower for KIF3CC at 2.1 M ؊1 s ؊1 . These results led us to hypothesize that heterodimerization of KIF3A with KIF3C and KIF3A with KIF3B altered the intrinsic catalytic properties of each motor domain. Here, we tested this hypothesis by using presteady-state stopped-flow kinetics and mathematical modeling. Surprisingly, the modeling revealed that the catalytic properties of KIF3A and KIF3B/C were altered upon microtubule binding, yet each motor domain retained its relative intrinsic kinetics for ADP release and subsequent ATP binding and the nucleotide-promoted transitions thereafter. These results are consistent with the interpretation that for KIF3AB, each motor head is catalytically similar and therefore each step is approximately equivalent. In contrast, for KIF3AC the results predict that the processive steps will alternate between a fast step for KIF3A followed by a slow step for KIF3C resulting in asymmetric stepping during a processive run. This study reveals the impact of heterodimerization of the motor polypeptides for microtubule association to start the processive run and the fundamental differences in the motile properties of KIF3C compared with KIF3A and KIF3B. . 6 The abbreviations used are: IFT, intraflagellar transport; ODE, ordinary differential equations; mantATP/mantADP, 2Ј-(or 3Ј)-O-(N-methylanthraniloyl)ATP/ADP; MT, microtubule; EB1, end-binding protein 1; TEV, tobacco etch virus.
Kinesin-2 is a unique family of processive kinesins because it contains both homodimeric and heterodimeric motors involved in microtubule plus end-directed cargo transport (reviewed in Refs. [1] [2] [3] [4] . The mammalian heterodimeric kine-sins result from three gene products: KIF3A, KIF3B, and KIF3C to form heterodimeric KIF3AB and KIF3AC (5) (6) (7) (8) (9) . KIF3AB and its orthologs form a heterotrimeric complex by association with KAP, a distinctive adaptor protein for cargo linkage because it is largely composed of armadillo repeats (10 -15) . It is the armadillo repeats that provide specificity of the interaction between KIF3AB and KAP and between KIF3AB-KAP and its cargo. KIF3AB-KAP transports multimeric protein complexes (designated intraflagellar transport (IFT) particles) 6 into the cilium and has also been linked to cilia-dependent signal transduction pathways including the Hedgehog signaling pathway (16, 17) . Moreover, KIF3A, KIF3B, and KAP are all essential genes (18 -23) , and the transport role of KIF3AB-KAP in ciliogenesis is considered the reason that KIF3AB-KAP is essential for development and the basis of similarity with other heterotrimeric kinesin-2 motor proteins.
In contrast, there is not strong evidence that mammalian KIF3AC binds KAP, and KIF3C lacks the sequence similarity to KIF3AB at the putative C-terminal KAP-binding region (2, 11, 14, 24) . Despite similarities in sequence and structure, KIF3AC appears to function specifically in neurons, whereas heterotrimeric KIF3AB-KAP is more ubiquitously expressed and transports ciliary IFT particles, melanosomes, and organelles as well as cell signaling and cell adhesion molecules (21, 23, (25) (26) (27) (28) (29) (30) (31) (32) . There are significant gaps in our understanding of KIF3AC cargo transport in neurons. A common KIF3AC adaptor for cargo linkage has not yet been identified, and the identity of the KIF3AC-specific dendritic organelles that KIF3AC transports are also unknown. In addition, KIF3C exhibits a signature motif conserved in mammals, a 25-residue insert in loop L11 of the catalytic motor domain, which is enriched in glycines and serines, and this L11 insert is not present in other kinesins regardless of species (7, (33) (34) (35) . The distinctive L11 domain of KIF3C has been implicated in regulating processivity for KIF3AC (35) and microtubule dynamics for homodimeric KIF3CC (36) .
Like other processive kinesins, KIF3AB and KIF3AC use an asymmetric hand-over-hand stepping mechanism to move along a microtubule with each 8-nm step coupled to one ATP turnover (37) (38) (39) (40) (41) (42) (43) . Yet unlike other processive kinesins, KIF3AB's motility is highly sensitive to hindering loads resulting in detachment at low stall forces (43, 44) . This property is encoded in the catalytic motor domains rather than the neck linker or coiled-coil, and has physiological implications in that in vivo, the detachment of KIF3AB-KAP under load may serve as a mechanism to navigate roadblocks, side-step to another microtubule track, and/or regulate IFT particle transport for ciliary tip length control and structure (45) (46) (47) (48) .
To explore the contributions of each motor domain to the motile properties of heterodimeric KIF3AC compared with KIF3AB, single-molecule motility studies were pursued that compared engineered homodimers of KIF3AA, KIF3BB, and KIF3CC to the heterodimers (35) . KIF3AA and KIF3BB step rapidly with rates of 293 and 328 nm/s, respectively and more similar to KIF3AB, which has a velocity of 246 nm/s ( Table 1 ). In contrast, the velocity of KIF3CC was exceedingly slow at 7.5 nm/s with KIF3AC at 186 nm/s, whose faster rate was thought to be due to the properties of KIF3A (35) . Similarly, previous presteady-state kinetics results revealed that microtubule association for KIF3AA and KIF3BB at ϳ11 M Ϫ1 s Ϫ1 coupled with ADP release at ϳ80 s Ϫ1 were both fast, yet microtubule association for KIF3AB was 7 M Ϫ1 s Ϫ1 with ADP release at 40 s Ϫ1 (Table 1 ) (49) . The surprise was that microtubule association for KIF3AC was 6.6 M Ϫ1 s Ϫ1 with ADP release at 51 s Ϫ1 (50). Yet even though microtubule association by KIF3AC was similar to the constant for KIF3AB, microtubule association for KIF3CC was 2.1 M Ϫ1 s Ϫ1 with ADP release at 7.6 s Ϫ1 , both of which are extremely slow (50) . Additional evidence that heterodimerization may alter the intrinsic catalytic properties of each motor domain as defined by the engineered homodimers KIF3AA, KIF3BB, and KIF3CC was supported by experimental results that showed that no mixtures of KIF3AA plus KIF3CC or KIF3AA plus KIF3BB could recapitulate the microtubule association and ADP release kinetics of KIF3AC or KIF3AB (49, 50) .
The general hypothesis has been that heterodimerization provides diversity for adaptor and cargo binding, yet the results to date for KIF3AC and KIF3AB clearly show that despite high sequence similarity in their motor domains, KIF3A and KIF3B are both catalytically fast, yet KIF3C is extremely slow (35, 49 -51) . These puzzling results motivated this study to ask the following questions. 1) How do the properties of KIF3C affect the ATPase properties of KIF3AC? 2) How does KIF3AC stepping during a processive run differ from processive stepping by KIF3AB? 3) Can we understand the mechanism by which KIF3A accelerates KIF3C and KIF3C slows KIF3A within the heterodimer?
To address these questions and gain insight into the motility capability of KIF3AC as a cargo transporter, we repeated the presteady-state kinetics experiments for microtubule association, ADP release, and ATP binding and pursued computational modeling coupled with parameter estimation. The results reveal that the catalytic properties of KIF3A and KIF3C were altered upon microtubule association to be catalytically similar, yet once in the processive run KIF3A remained fast with KIF3C continuing to be slow. The computational modeling also indicated that KIF3A accelerates KIF3C to maintain the processive stepping velocity and steady-state ATP turnover. The results also highlight distinctive differences in KIF3AC compared with KIF3AB despite sequence and structure similarities.
Results
Previously, we determined the presteady-state kinetics for microtubule association and native ADP release for KIF3AC, KIF3AA, and KIF3CC (50) . For these experiments, the KIF3 motor was rapidly mixed in the stopped-flow instrument with varying concentrations of microtubules plus 50 M mantATP, a fluorescent analog of ATP. Upon mixing, the dimeric motor associates with the microtubule, releases its ADP, and subsequently binds mantATP ( Fig. 1A, E0-E2 ). Because mantATP binding is rapid at these conditions (Table 1) , the fluorescence signal from mantATP binding acts as a readout of native ADP release after microtubule association (49 -52) . The results showed that microtubule association for KIF3AA was fast at 11.4 M Ϫ1 s Ϫ1 yet slow for KIF3CC at 2.1 M Ϫ1 s Ϫ1 with microtubule association for KIF3AC at an intermediate rate of 6.6 M Ϫ1 s Ϫ1 (50) . Similarly, these experiments revealed that native ADP release for KIF3AA was fast at 77.7 s Ϫ1 , and slow at 7.6 s Ϫ1 for KIF3CC and 51 s Ϫ1 for KIF3AC (50) . The question to be addressed through computational modeling was whether the observed rate of these constants for KIF3AC was simply the average of the intrinsic catalytic properties of KIF3A and KIF3C as defined by KIF3AA and KIF3CC or alternatively, whether the heterodimerization of the KIF3A and KIF3C polypeptides results in an emergent mechanochemistry not predicted from the kinetics of KIF3AA and KIF3CC.
To provide an extensive data set for computational modeling, additional experiments were performed at three concentrations of KIF3AC with microtubule concentrations varying from 1 to 25 M (Fig. 2) . A double exponential function was fit to each fluorescence transient to obtain the observed rates of the fast component and the slow component of fluorescence enhancement as well as the fluorescence amplitudes of each. In addition, the observed rates of the fast component were plotted as a function of microtubule concentration, and the hyperbolic fit to these data provided the rate constant of native ADP release at 42.5 s Ϫ1 (Fig. 2G ). Therefore, this comprehensive data set to be used for the modeling is consistent with the previously published results (50) .
The results presented in Fig. 2 for KIF3AC and Fig. 3 for KIF3AB show that the transients as a function of time plateau indicating that the system has reached a steady-state, which is expected because the mantATP concentration at 25 M is Ͼ10fold excess of the KIF3 nucleotide-binding sites. These results also imply that the experiment captures entry into the processive ATPase cycle ( Fig. 1A , E0 -E1) followed by processive stepping once mantATP binds at E2 ( Fig. 1A) . As the stepping model shows, the first mantATP turnover ( Fig. 1A , E2-E5) includes formation of mantADP⅐P i and mantADP-bound intermediates. At E5, the lagging tethered head from the first mantATP turnover is occupied by mantADP and the leading head by mantATP for the next mantATP turnover coupled with the second 8-nm step in the processive run. Therefore, the total relative fluorescence observed in the transients in Figs. 2 and 3 is the result of the sum of the fluorescence contribution by KIF3 intermediates bound with mantATP, mantADP⅐P i , or mantADP at the active sites during the first mantATP turnover and intermediates with two mant-nucleotides bound beginning at E5 for the second and subsequent mantATP turnovers.
In converting the concentrations of mant-nucleotidebound kinesin intermediates to fluorescence, one potential concern is whether mantADP-bound KIF3 sites produce the same relative fluorescence as mantATP-bound KIF3 sites. If the assumption is true, then the fluorescence amplitude for kinesins saturated with mantATP and mantADP should be double the amplitude for kinesins bound with a single mant-nucleotide. To test the hypothesis that KIF3⅐mantATP exhibits the same fluorescence output as the intermediates KIF3⅐mantADP⅐P i and KIF3⅐mantADP, the preformed micro-tubule⅐KIF3AC complex was treated with apyrase to remove nucleotide from the active sites and then mixed rapidly in the Two parallel pathways are shown that represent microtubule association by the KIF3A head (left) or the KIF3C head (right). After microtubule association, ADP is released, and ATP binds rapidly to the nucleotide-binding site (E1-E2). ATP binding at the leading head induces a series of structural transitions by which the rear tethered head moves forward, collides with the microtubule, and releases its ADP (E2-E4). ATP hydrolysis occurs followed by phosphate release coupled with rear head dissociation from the microtubule (E4 -E5). The second step is initiated by ATP binding at the leading, partner motor domain (E5). This model makes no assumptions of whether KIF3A or KIF3C initiates the processive run, and two parallel paths are shown based on the motor head that binds the microtubule. B, the computational scheme consists of three steps. The first reaction shows microtubule association (k 1 , lines 1 and 2) either by the KIF3A or KIF3C. The second step represents ADP release plus mantATP binding (k 2 , lines 3 and 4), and the third represents the combined transitions following mantATP binding through motor detachment from the microtubule and terminates at mantATP binding by the new leading, partner head (k 3 , lines 5 and 6). K represents the KIF3 heterodimer, and the superscript and subscript represent the nucleotide and microtubule binding states of each head. mATP, mantATP; mADP, mantADP. 
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stopped-flow instrument with either mantATP or mantADP (Fig. 4A ). The results show that at three different concentrations of mantATP or mantADP, the resulting transients (mantATP and mantADP) superimpose on each other indicating that the fluorescence emission for KIF3AC during mantATP turnover does not change. Similar results are shown for KIF3AB in Fig. 4B . Therefore, the relative change in fluorescence as a function of time captured by the stopped-flow transients can be correlated with the time-de-pendent change in concentration of the mant-nucleotidebound species.
Model assumptions for KIF3AC
Prior to model development, it was necessary to make several assumptions. First, for every KIF3AC dimer, only a single head collides with the microtubule for entry into the processive run ( Fig. 1A, E0-E1 ). Second, because there is equal probability of either head binding the microtubule first, two parallel paths 
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must be established: one for microtubule association by KIF3A and the other for microtubule association by KIF3C. Third, because the microtubule association rate constant at one head is largely independent of the microtubule association constant for its partner head, the KIF3AC microtubule association rate constant can be represented by the sum of the parameters for each head. Hence, the sum of the microtubule association parameters for KIF3A and KIF3C should equal the experimental microtubule association rate constant for KIF3AC at ϳ6.6 M Ϫ1 s Ϫ1 (50) ( Table 1 , Table S1 ).
The modeling also requires that the relative change in fluorescence emission as a function of time correlate with the timedependent change in concentration of the mant-nucleotidebound species during mantATP turnover. The results in Fig. 4 show conclusively that this assumption is valid. Therefore, the fluorescence output for the E5 intermediate where one head is occupied by mantADP and the other by mantATP was modeled as two times the fluorescence output of the E2 intermediate with only one mant-nucleotide-bound species.
Note that after ATP binding to form the E2 intermediate, some steps involve the partner head also (Fig. 1A, E2-E5 ). For the KIF3A pathway, the ATP-promoted structural transitions on KIF3A include movement of the KIF3C tethered head forward to its next microtubule-binding site followed by ADP release (E2-E4). For E4 -E5, KIF3A hydrolyzes ATP followed by phosphate release and dissociation of the now tethered KIF3A head, and the now leading KIF3C head binds ATP. Note that the KIF3C pathway is similar but with the roles for the two heads interchanged.
The computational model
To test the hypothesis that heterodimerization alters the catalytic properties of KIF3A and KIF3C from their intrinsic properties within KIF3AC, we developed and implemented a nonlinear ODE model ( Fig. S1C ) to simulate the kinetics captured by the fluorescence transients in Fig. 2 . The model was framed in the context of a kinesin stepping cycle to analyze microtubule association followed by native ADP release with subsequent ATP binding (E0-E2, Fig. 1A ). Fig. 1B shows the model scheme that was used but in the context of kinesin intermediates with additional details in the supporting information. In Fig. 1B , reactions 1 and 2 represent the two parallel pathways of micro- 
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tubule association for KIF3A (k 1a and k Ϫ1a ) and KIF3C (k 1c and k Ϫ1c ), respectively. ADP release and subsequent mantATP binding ( Fig. 1A , E1-E2) is represented by reaction 3 for KIF3A (k 2a ) and reaction 4 for KIF3C (k 2c ). The steps for the ATPpromoted isomerization and subsequent transitions including neck linker docking, ATP hydrolysis, phosphate release, and tethered head detachment ( Fig. 1A , E2-E5) are collapsed into a single first-order transition and designated by reactions 5 (k 3a ) and 6 (k 3c ) in Fig. 1B . Fig. 1A , E2-E4 shows that after mantATP binding to the leading head, a series of structural transitions occurs to move the tethered, lagging ADP head forward to its next microtubule-binding site, where it binds the microtubule and releases ADP to form the E4 intermediate. The mantATP-promoted isomerization includes neck linker docking and rearrangement of the residues at the active site to form the E4 intermediate poised for ATP hydrolysis (49 -51) . MantATP hydrolysis occurs followed by phosphate release resulting in detachment of the rearward head with mantADP at the active site. The new leading head is now able to rapidly bind mantATP, resulting in the leading head occupied by mantATP and the rearward tethered head occupied by mantADP ( Fig. 1A, E5) . Experimentally it was determined that ATP binding occurs rapidly with the ATP-promoted isomerization at 81 s Ϫ1 and ATP hydrolysis at 69 s Ϫ1 (50) ( Table 1) . Because the ATP-promoted isomerization is coupled with ATP hydrolysis, one occurs rapidly and the other is limiting, but only the slower step can be quantified. For the computational model, the steps after E2 through E5 were collapsed into a single first-order rate constant, k 3a for the KIF3A pathway and k 3c for the KIF3C pathway.
The model terminates in a kinesin state where all sites are saturated with either mantATP or mantADP. Note that the E4 intermediate shows a state in which the leading head is nucleotide-free, therefore theoretically we should visualize the accumulation of this transient intermediate by a decline in the fluorescence emission. However, there was no observable decline in fluorescence in either the KIF3AC (Fig. 2, A, C, and E) or KIF3AB (Fig. 3, A and C) transients. We therefore conclude that the lifetime of the E4 intermediate is too short to accumulate sufficiently to detect a decline in fluorescence. For these reasons, we terminated the model at a state where all sites are saturated with mantATP or mantADP. If all sites were not saturated, then the estimates of the fluorescence parameters and 2⅐ will be able to compensate for any deviations from this assumption. Additional evidence in support of this conclusion resulted from the fit of each KIF3AC transient to a double exponential function (Fig. 2, A, 
Entry into the processive run for KIF3A and KIF3C is an emergent property of heterodimerization
For microtubule association, a rate constant of 6.6 M Ϫ1 s Ϫ1 for KIF3AC could result from either KIF3A and KIF3C binding the microtubule similarly at rates of 3.3 M Ϫ1 s Ϫ1 or from KIF3A colliding at a faster rate than KIF3C. Following parameter estimation, the results are consistent with a model in which there is an equal probability of entering the processive run by either KIF3A or KIF3C, and the kinetics of microtubule association are similar for both heads at ϳ3.3 M Ϫ1 s Ϫ1 (Table 2) . This was surprising based on the extreme difference in the intrinsic catalytic properties of homodimeric KIF3AA and KIF3CC and reflects that within the heterodimer, the microtubule association kinetics of KIF3A were slowed, whereas the kinetics of KIF3C were accelerated.
KIF3A and KIF3C maintain their intrinsic catalytic properties for ADP release
When we conducted the computational modeling, the simulations best captured the fluorescence transients when the ADP release rates for KIF3A and KIF3C were fast and slow at 77.7 and 7.6 s Ϫ1 , respectively (see supporting information for details on the computational modeling; Tables S1-S3 and Figs. S1 and S2). In contrast, when the same simulations were conducted by fixing KIF3A and KIF3C to the same ADP release rate of 42.5 s Ϫ1 for KIF3AC, parameter estimation resulted in the KIF3A 
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microtubule association parameter being significantly slower than that of KIF3C. However, KIF3A can either have faster catalytic properties than KIF3C or both heads can have similar properties (Table S2 ). Therefore, the modeling suggests that KIF3A and KIF3C maintain their intrinsic catalytic properties for ADP release (Fig. 2) .
The later steps in the ATPase cycle ( Fig. 1, E2-E5 ) including ATP hydrolysis followed by phosphate release coupled to motor head detachment from the microtubule, and mantATP binding to the new leading head at E5 can be collapsed into a single first-order rate constant. Although these steps have not yet been determined experimentally for KIF3AA and KIF3CC, the steady-state k cat for KIF3CC is ϳ1 s Ϫ1 , which suggests that there is likely a slow, rate-limiting step downstream of ADP release (Fig. 1, E2-E5 ). Because the catalytic properties of KIF3AA are fast, the intrinsic rate constant for the KIF3A pathway was assumed to be significantly faster than the KIF3C pathway. Through iterative estimation and simulation, the results reveal that the composite constants were 90.9 and 13.0 s Ϫ1 for the combined steps in the KIF3A and KIF3C pathways, respectively ( Table 2 ). Because the composite constant for the KIF3A or KIF3C pathways includes ADP release by the opposite tethered head, the results here suggest that ADP release by tethered head KIF3C within the KIF3A pathway of the stepping cycle (Fig. 1A, E2-E4 ) must be faster than ADP release by KIF3C during entry into the stepping cycle ( Fig.  1A, E2 ). If ADP release by KIF3C was the same rate during entry into and within the processive run, the rate constant for composite steps E2-E5 for the KIF3A pathway would be expected to be significantly slower. In addition, the stepping velocity and k cat for KIF3CC are ϳ1 s Ϫ1 , whereas the model predicts that the composite steps in the KIF3C pathway occur at a rate of 13 s Ϫ1 (Table 2) . Therefore, these results are consistent with the hypothesis that KIF3A accelerates KIF3C (Fig. 1A, E2-E5 ).
KIF3A and KIF3B associate with the microtubule with similar, but slower rates than determined for KIF3AA and KIF3BB
Previous stopped-flow experiments showed that microtubule association by KIF3AB was 7 M Ϫ1 s Ϫ1 , yet the results for KIF3AA and KIF3BB were much faster at ϳ12 M Ϫ1 s Ϫ1 (Table  1) (49, 51) . Moreover, the kinetics of ADP release for KIF3AB at ϳ34 s Ϫ1 was approximately half as fast as that for KIF3AA and KIF3BB, each at ϳ80 s Ϫ1 (Table 1) (49, 51) . These results suggest that the catalytic properties of KIF3A and KIF3B within KIF3AB must be different from their intrinsic properties within KIF3AA and KIF3BB. To test this hypothesis and determine the catalytic properties of KIF3A and KIF3B within KIF3AB, additional experiments were performed to measure the time course of microtubule association followed by native ADP release by taking advantage of the fluorescence signal of mantATP binding ( Fig. 3 ). An ODE model of the same structure that was used for KIF3AC ( Fig. 1B, Fig. S1 ) was applied to the fluorescence transients. The transients in Fig. 3 reveal that the fast component of fluorescence enhancement is not well-separated from the slow component, consistent with the interpretation that the rates of KIF3A and KIF3B are similar. Moreover, the fluorescence amplitude saturates as expected based on the concentration of mantATP at 25 M relative to the concentration of the KIF3AB heterodimer at 0.5 and 1 M. A double exponential function was fit to each transient, and Fig. 3E shows the observed rates of the fast component of ADP release as a function of microtubule concentration. The hyperbolic fit to the data provided the maximum rate constant of native ADP release for KIF3AB at 39.6 s Ϫ1 (49), and it was used to guide the modeling. These results are consistent with previous experiments (49) .
The KIF3AB microtubule association rate constant of 7 M Ϫ1 s Ϫ1 could only result from KIF3A and KIF3B colliding with the microtubule at slower rates than within their respective homodimers KIF3AA and KIF3BB. If both heads retained their intrinsic properties for microtubule association, then the expected KIF3AB microtubule association rate would be ϳ13 M Ϫ1 s Ϫ1 . In contrast, the computational model results suggest that KIF3A and KIF3B associate with the microtubule at rates of 4.2 M Ϫ1 s Ϫ1 for each, which is slower than their intrinsic microtubule association rates within KIF3AA and KIF3BB (Table 2) . Therefore, heterodimerization alters the microtubule association properties of KIF3A and KIF3B such that they are slower than their intrinsic properties for entry into the processive run.
The kinetics of ADP release for KIF3A and KIF3B after microtubule association are similar and fast
The KIF3AB experimental results presented in Fig. 3 revealed that the maximum rate constant for ADP release during entry into the processive run (E0 -E1, Fig. 1A ) is 39.6 s Ϫ1 , which is approximately half the rate constant for KIF3AA and KIF3BB at 80 s Ϫ1 for each (Table 1) (49, 51) . Although the model predicts that microtubule association is altered by heterodimerization, the release of ADP from each head of KIF3AB is consistent with the intrinsic kinetics of KIF3A and KIF3B as defined by KIF3AA and KIF3BB ( Table 2) . Alternative models where both heads are fixed to the same ADP release rate of ϳ40 
Kinesin-2 KIF3AC and KIF3AB stepping
s Ϫ1 were ruled out because of a poor goodness of fit for the simulations to the fluorescence transients (Table S3 ). We conclude that the fluorescence output in the transients cannot be used to accurately estimate the contribution of each individual head, and therefore the experimental rate constant for ADP release was underestimated. Evidence in support of this interpretation is that the double exponential fit to the transients was unable to provide similar amplitudes for the fast and slow components of the double exponential.
The KIF3AB model reveals that processive stepping is controlled by a rate-limiting nucleotide-dependent transition
To explore the series of transitions after mantATP binding for KIF3AB (E3-E5, Fig. 1A) , we assumed that the composite rate constant (k 3 ) was similar for the KIF3A and KIF3B pathway and fast at ϳ100 s Ϫ1 based on the parameter value for the KIF3A pathway of 90.9 s Ϫ1 in KIF3AC (Table 2) . However, the model best captured the fluorescence transients when the transitions downstream of ADP release/mantATP binding occurred at rates of 38 s Ϫ1 (Table 2 ). These results suggest that the composite steps within E2-E5 in the KIF3A and KIF3B pathways in KIF3AB has a slower composite rate than that modeled for the KIF3A pathway in KIF3AC. Furthermore, the modeling predicts that the identity of the partner head of KIF3A affects the rate at which the KIF3A pathway proceeds through the series of transitions from E2 to E5 in Fig. 1A .
The velocity of processive stepping is controlled differently in KIF3AB and KIF3AC
The parameters presented in Table 2 indicate that the velocity at which KIF3AB steps along the microtubule will be controlled by a rate-limiting transition after ATP binding for entry into the processive run in part because each head within the heterodimer behaves similarly (43) . In contrast, the processive stepping of KIF3AC is controlled differently and by the catalytic properties of KIF3C during the processive run. For KIF3AC, the time required to proceed through these transitions is defined as the transit time t and can be calculated by using the equation: t ϭ 1/k. For the KIF3A pathway, the mantATP-promoted isomerization through dissociation results in a total transit time of 0.011 s. Similarly, for the KIF3C pathway, the transit time for the mantATP-promoted isomerization through dissociation is 0.0769 s. Because these transit times correspond to the time required for KIF3AC to take two 8-nm steps, the average velocity can be represented as 16 nm divided by the total transit time for KIF3AC (0.011 ϩ 0.079 s ϭ 0.0879 s or 182 nm/s). This velocity predicted by the modeling is consistent with the singlemolecule stepping velocity of 186 nm/s (35) . In addition, we also propose that within the KIF3AC heterodimer, KIF3A accelerates the transitions of KIF3C to some degree because the predicted rate of the transitions from E2 to E5 within the KIF3C pathway is 13 s Ϫ1 compared with ϳ1 s Ϫ1 from the single-molecule homodimeric KIF3CC velocity of 7.5 nm/s. In contrast, the computational model for KIF3AB shows that each step of KIF3A and KIF3B will be comparable during the processive run. Table 2 shows that these parameters for KIF3A and KIF3B are each 38.3 s Ϫ1 , which provides a total transit time of 0.0522 s for two 8-nm steps. The model thus predicts that the velocity of KIF3AB is 306 nm/s, which approximates the single-molecule velocity of 246 nm/s determined experimentally (Table 1) (35) .
Goodness of fit of the model to the experimental data
Examination of the simulations for KIF3AC ( Fig. 2) and KIF3AB (Fig. 3 ) reveal that the simulations do not perfectly superimpose on the fluorescence transients. This is due in part to the inherent error in these types of experiments with microtubules varying from 1 to 25 M and the large number of transients used for the modeling. For example, the KIF3AB model slightly over-predicts the relative fluorescence output for low microtubule concentrations (Fig. 3B) , whereas it marginally under-predicts the relative fluorescence values for high microtubule concentrations (Fig. 3D) . Although the fit for low or high microtubule concentrations can be improved for individual experimental transients, this approach comes at the expense of worsening the fit for the other case. As such, the results present a good trade-off that ensures a reasonable fit for all of the data sets rather than an excellent fit for some data sets and a poor fit for others.
Discussion
The computational modeling revealed that there is an equal probability that either KIF3A or KIF3C can start the processive run, and there was no evidence of an intrinsic bias within the catalytic motor domains. Moreover, the results also showed that the microtubule association rate constant was approximately the same for KIF3A and KIF3C, which was completely unexpected based on the kinetics for KIF3AA and KIF3CC (50) . Previously, we proposed that microtubule association would be determined by the intrinsic properties of KIF3A versus KIF3C, and then once in the processive run, an emergent mechanochemistry would result whereby each step would be the same regardless of whether the microtubule step was by KIF3A or KIF3C. Yet the computational model predicts quite convincingly that after microtubule association and once in the processive run, the motile properties are controlled by the relative intrinsic catalytic properties of either KIF3A or KIF3C ( Table  2 ). Based on these results, we propose that once in the processive run, the steps would alternate between a fast step for KIF3A and a slow step for KIF3C in the absence of hindering load.
The developed model also captured the dynamics of KIF3AB with the overall interpretations similar to those of Andreasson et al. (43) in which the intrinsic catalytic properties of KIF3A and KIF3B are similar and fast, and therefore, each step in the processive run by KIF3AB would be similar. However, the computational modeling indicated that entry into the processive run by either KIF3A or KIF3B was also an emergent property with each at ϳ4.2 M Ϫ1 s Ϫ1 (Table 2 ) rather than 11-13 M Ϫ1 s Ϫ1 determined for KIF3AA and KIF3BB (Table 1 ) (49) . The computational model also showed that each kinetic step after microtubule association was similar for KIF3A and KIF3B, therefore, predicting that during a processive run, each interaction with the microtubule would occur at the same rate regardless of if it were by KIF3A or KIF3B. These results also support the findings of Andreasson et al. (43) in which they
Kinesin-2 KIF3AC and KIF3AB stepping
concluded that the motile properties of KIF3AB and its response to hindering load were encoded within the catalytic motor domains rather than the neck linker or coiled-coil domain.
Although this study did address aspects of our mechanistic questions for KIF3AC, there are many questions ahead including why is KIF3C so slow yet the motor domain sequences of KIF3A and KIF3C are so similar? Moreover, we do not yet know whether KIF3AC responds to hindering load as KIF3AB does and detaches from the microtubule more readily, or alternatively, whether KIF3AC is more similar to kinesin-2 KIF17 and kinesin-1, in which stepping can occur against appreciable hindering loads (45) . This latter question is especially intriguing because the sequences of helix ␣6, the neck linker, and helix ␣7 of KIF3A, KIF3B, KIF3C, and KIF17 are almost identical (4) , indicating that the force sensing motif(s) are within the catalytic motor domains.
Although we know that KIF3AC is expressed predominantly in neurons and acts as a cargo transporter (8, 9, 34) , we do not yet know the cargos that KIF3AC transports. In contrast, KIF3AB is ubiquitously expressed including neurons (2) (3) (4) 34) , but our best understanding of KIF3AB transport is for intraflagellar transport in cilia. One testable hypothesis for future investigation is whether KIF3AC and KIF3AB in neurons read the tubulin code differently based on posttranslational modifications of the axonal versus dendritic microtubules to bias selective transport of cargos to enter axons or dendrites (34, (53) (54) (55) .
In summary, mathematical modeling has provided new insights to understand the motile properties of KIF3AC and KIF3AB. These results revealed that microtubule association for KIF3AC and KIF3AB is an emergent property due to heterodimerization, and once in the processive run, the rates of the nucleotide-dependent transitions result from the relative intrinsic catalytic properties of the motor domains. Moreover, the results predict that the rate of stepping of KIF3A and KIF3B will be approximately equivalent, yet for KIF3AC, the cycle results in an asymmetric walk in which processive steps will alternate between a fast step for KIF3A followed by a slow step for KIF3C in the absence of hindering load.
Experimental procedures

Kinesin-2 KIF3AC and KIF3AB heterodimeric motors
The Mus musculus KIF3A, KIF3B, and KIF3C plasmids for expression of heterodimeric KIF3AB and KIF3AC were described previously in detail (35) . When expressed, KIF3A of heterodimeric KIF3AC includes the native N-terminal motor domain, neck-linker, and helix ␣7 (Met 1 -Leu 374 ) to initiate coiled-coil formation, followed by the end-binding protein 1 (EB1) dimerization motif (DFYFGKLRNIELICQENEGEND-PVLQRIVDILYATDE) to stabilize the dimer, and the tobacco etch virus (TEV) protease site with the cleavable Strep Tag (TTSENLYFQGASNWSHPQFEK). KIF3C when expressed includes the native motor domain, neck-linker, and helix ␣7 (Met 1 -Leu 396 ), followed by the EB1 dimerization motif, and C-terminal TEV protease cleavable His 8 tag (TTSENLYFQ-GASHHHHHHHH). For heterodimeric KIF3AB, KIF3A includes the native motor domain, neck-linker, and helix ␣7 (Met 1 -Glu 376 ), an acidic heterodimerization motif (LEKE-IAALEKEIAALEK), and a C-terminal TEV protease cleavable StrepII tag (51, 56, 57) . KIF3B includes the native motor domain, native neck-linker, and helix ␣7 (Met 1 -Lys 371 ), a basic heterodimerization motif (LKEKIAALKEKIAALKE), and a C-terminal TEV protease cleavable His 8 tag (51) . For consistency with prior studies using heterodimeric KIF3AB, a synthetic heterodimerization domain was used rather than the EB1 domain. Note that there is no significant difference in the motility properties for motors containing an EB1 or a synthetic heterodimerization domain (35) . For the experiments reported here, the motors were not treated with TEV protease.
KIF3 protein expression and purification
The KIF3 heterodimeric motors were expressed using the Escherichia coli BL21-CodonPlus DE3 (RIL) cell line (Stratagene La Jolla, CA) by co-transformation of two plasmids and selection on LB plates containing 100 g/ml of ampicillin, 50 g/ml of kanamycin, and 10 g/ml of chloramphenicol (35, 51) . The KIF3AC or KIF3AB cell lysate was clarified by centrifugation and loaded onto a HisTrap FF nickel-nitrilotriacetic acid column (GE Healthcare) to select for the C-terminal His 8 tag of KIF3B or KIF3C. Following elution from the column, fractions were analyzed by SDS-PAGE, and fractions enriched in the heterodimer were selected. Subsequently, the protein was loaded on the StrepTactin TM column (GE Healthcare), which selected for the C-terminal Strep-tagged KIF3A. The fractions were analyzed by SDS-PAGE, and those in which the KIF3A: KIF3B/C ratio was 1:1 were pooled. The KIF3 motor proteins were further dialyzed in ATPase buffer (20 mM HEPES, pH 7.2, with KOH, 5 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 1 mM DTT, and 5% sucrose) at 4°C, and clarified by ultracentrifugation. The purified KIF3AB and KIF3AC heterodimers were evaluated by analytical gel filtration chromatography (Superose TM 10/300, GE Healthcare) and SDS-PAGE to confirm purification of stable heterodimers at a 1:1 stoichiometry of KIF3A to KIF3B or KIF3A to KIF3C (35) . Aliquots were frozen in liquid N 2 for storage at Ϫ80°C. The predicted molecular weight based on amino acid sequence of KIF3AC is 98,317 and KIF3AB is 92,131. Before each experiment, aliquots of KIF3AB or KIF3AC were thawed and clarified: 10 min at 4°C (Beckman Coulter TLX Optima Ultracentrifuge, TLA-100 rotor, 313,000 ϫ g). Protein concentration was determined using the Bio-Rad Protein Assay with IgG as the protein standard.
The experiments were performed at 25°C in ATPase buffer: 20 mM HEPES, pH 7.2, with KOH, 5 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 1 mM DTT, plus 5% sucrose. The morning of each experiment, bovine tubulin was cold-depolymerized, clarified, and polymerized with 1 mM MgGTP at 37°C, followed by stabilization with 40 M paclitaxel. The microtubule concentrations reported represent the paclitaxel-stabilized ␣,␤-tubulin polymer (MT). The reported concentrations of ATP, GTP, and the nucleotide analogs 2Ј-(or 3Ј)-O-(N-methylanthraniloyl)ATP/ADP (mantATP/ mantADP) include an equivalent concentration of magnesium Kinesin-2 KIF3AC and KIF3AB stepping acetate. MantATP and mantADP were purchased from Invitrogen as the isomeric mixture.
ADP release upon microtubule collision
To measure the kinetics of entry into the processive run ( Fig.  1, E0 -E2 ), KIF3AC or KIF3AB was rapidly mixed in the stopped-flow instrument (KinTek SF300X, KinTek Corp.) with varying concentrations of microtubules plus 50 M mantATP, final concentration of 25 M mantATP after mixing (49, 50) . At the conditions of the assay, mantATP binding was significantly faster than ADP release after microtubule association (Table 1) . Therefore, the enhanced relative fluorescence upon mantATP binding was used as the readout of ADP release (Figs. 2 and 3 ). Experiments were also performed at different time domains to optimize the experimental design so that the 1000 data points per transient were evenly distributed to capture the fast component and the slower component of fluorescence enhancement. Therefore, the time domain for KIF3AC was 0.5 s and for KIF3AB was 0.2 s.
A double exponential function was fit to each transient to obtain the observed rates and relative amplitudes of each fluorescence component. The observed rates of the fast component were plotted as a function of microtubule concentration. The hyperbolic fit to the data provided the maximum rate constant of native ADP release, and this constant was used to guide the computational modeling (49, 50) .
MantATP and MantADP titrations
To determine whether the relative fluorescence amplitude exhibited by microtubule complexes of KIF3AC and KIF3AB changed during mantATP turnover, a series of experiments were pursued to evaluate mantATP binding compared with mantADP binding (Fig. 4) . The MT⅐KIF3AC or MT⅐KIF3AB complexes were preformed (20 M MT plus 4 M KIF3 heterodimer) and treated with 0.02 unit/ml of apyrase (grade VII, Sigma) for 20 min at room temperature. Apyrase converts free ADP to AMP plus P i . However, the affinity of kinesins for AMP is so weak that apyrase effectively generates a nucleotide-free state (58) . Subsequently, the MT⅐KIF3 complex was rapidly mixed in the stopped-flow instrument with mantATP or mant-ADP at varying concentrations (1-10 M) resulting in final concentrations of 2 M KIF3 heterodimer, 10 M MT, and mantATP/mantADP at 0.5-5 M.
Experimental approach for data analysis
The presteady-state experiments in Figs. 2-4 were repeated 5-8 times at varying KIF3 and MT concentrations as well as at different time domains for data collection. Each transient shown is an average of 8 -10 individual transients and for each time domain, the stopped-flow instrument collects 1000 data points. To compare the relative fluorescence amplitude of individual transients in each data set, each transient was adjusted by adding or subtracting an offset such that each transient begins at the same point on the y axis, arbitrary set at 1. This normalization approach was guided by the double exponential fit to the transients to identify the point on the y axis at time 0. The transients in Fig. 2 resulted from experiments performed on two separate days with the same stopped-flow settings to obtain an extensive data set, and those in Figs. 3 and 4 resulted from experiments performed on the same day for each data set. The rates for ADP release reported in Figs. 2G and 3E include data from multiple experiments to provide a more extensive range of microtubule concentrations. The hyperbolic fit to the data provides the mean Ϯ S.E.
